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Abstract² 7KH SDSHU SUHVHQWV D ILQLWH HOHPHQW PRGHOLQJ
EDVHG VWXG\ RI YDULRXV KHDW VLQN GHVLJQV7KHPDLQ DLP RI WKH
VWXG\LV WRGHWHUPLQHDQGHYDOXDWHVROXWLRQVZLWKLPSURYHGKHDW
GLVVLSDWLRQ E\ XWLOL]DWLRQ RI QDWXUDO FRQYHFWLRQ 6HYHQWHHQ
GLIIHUHQW FDVHV ERWK FODVVLFDO DQG SURSRVHG E\ WKH DXWKRUV DUH
VWXGLHGZKHUHHDFKFDVHLV H[DPLQHGXQGHUWKUHHGLIIHUHQWKHDW
VRXUFHLQWKHFDVHZLWKWKHSURSRVHGVWXG\DWUDQVLVWRUSRZHUV
5HVXOWV IRU WHPSHUDWXUH RI WKH SRZHU VRXUFH DQG YHORFLW\
PDJQLWXGHV LQ WKH VWXGLHG YROXPHDUHSUHVHQWHGDQGFRPSDUHG
([SHULPHQWDO YHULILFDWLRQ RI WKH PRGHOLQJ LV SUHVHQWHG IRU D
QXPEHURIVHOHFWHGFDVHV
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3RZHU ORVVHV LQ HOHFWULFDO DQG HOHFWURQLF GHYLFHV DUH
FRQYHUWHG WR KHDW HYHQ WKH PRVW HIILFLHQW HOHFWULFDO RU
HOHFWURQLF GHYLFH ZLOO QHHG WR GLVVLSDWH VRPH JHQHUDWHG KHDW
LQWR LWV HQYLURQPHQW 7KLV GLVVLSDWLRQ KDV WR EH GHVLJQHG  VR
WKDW WKH GHYLFH QHYHU UHDFKHV LWV FULWLFDO WHPSHUDWXUH
)XUWKHUPRUHPDLQWDLQLQJDUHODWLYHO\ORZZRUNWHPSHUDWXUHLQ
PRVW FDVHV HQVXUHV LPSURYHG HIILFLHQFLHV EHWWHU ZRUNLQJ
VWDELOLW\RYHUDOOUHOLDELOLW\>@DQGGHYLFHUREXVWQHVV
9DULRXV VROXWLRQ IRU KHDW GLVVLSDWLRQ DQG WHPSHUDWXUH
UHJXODWLRQH[LVW>@7KH\FDQUDQJHIURPVLPSOHRQFH±VXFKDV
KHDWVLQNVDQG IDQDLUFRROLQJWRPRUHHODERUDWHRQFHVXFKDV
KHDW SLSHV DQG ZDWHU FRROLQJ (YHQ DFWLYH KHDW GLVVLSDWLRQ
VROXWLRQV DUH XVHG ZKHUH WKH JHQHUDWHG KHDW LV UHPRYHG DV
GHYLFHV DUH FRROHG GRZQ E\ D GHGLFDWHG UHIULJHUDWLRQ XQLW
DFWLYHFRROLQJ>@
$ KHDW GLVVLSDWLRQ EDVHG RI KHDW VLQNV XVXDOO\ LQYROYHV D
SDVVLYHKHDWH[FKDQJHUWKDWWUDQVIHUVWKHKHDWWKDWEXLOGVLQWKH
GHYLFH WR D IOXLG LQPRWLRQ0DQ\ FDVHV HVSHFLDOO\ RQFH IRU
ORZWRPHGLXPSRZHUDQGFRPSDFWGHVLJQXVHDPELHQWDLUDV
³IOXLG ´7KHDLUFDQEHPRYHGDFWLYHO\E\DIDQ±RUSDVVLYHO\
WKURXJK QDWXUDO FRQYHFWLRQ ,Q ERWK FDVHV KHDW VLQNV DUH
GHVLJQHG VR DV D ODUJH DV SRVVLEOH DPRXQW RI VXUIDFH LV LQ
FRQWDFW DQG LQ GLUHFWLRQ WR WKH DLUIORZ 7KLV KRZHYHU LV QRW
DOZD\V FRPSDWLEOH ZLWK GHYLFH FRQVWUXFWLRQ VSHFLILFV
JHRPHWULFFRQVWUDLQVHWF7KXVLQWKRVHFDVHVVSHFLDOL]HGKHDW
VLQNGHVLJQVPLJKWEHQHHGHGVR WKHGHYLFH UHTXLUHPHQWVFDQ
EHPHWZKLOHFRROLQJSURSHUWLHVDUHSUHVHUYHG
,QWKLVFRQWH[WWKHFXUUHQWSDSHUSUHVHQWVDVWXG\RIVHYHUDO
KHDW VLQN GHVLJQV WKDW XWLOL]H QDWXUDO FRQYHFWLRQ LQ RUGHU WR
LPSURYH WKH UDWH RI WKHLU KHDW GLVVLSDWLRQ DQG XOWLPDWHO\
PDLQWDLQ ORZHU WHPSHUDWXUHV IRU WKH HOHFWURQLF RU HOHFWULFDO
GHYLFHZKLOHNHHSLQJVPDOOHVWSRVVLEOHJHRPHWULF GLPHQVLRQV
DQGZHLJKW,QIDFWDQDWXUDOFRQYHFWLRQFRXOGEHFRQVLGHUHGDV
VRPH IRUFHG FRQYHFWLRQ ZKHUH WKH FKLPQH\ HIIHFW LV
UHVSRQVLEOH IRU WKH DLU IORZ 6RPH DQDO\WLFDO PRGHOV IRU
WUDQVIRUPHUVFDQEHIRXQGLQ>@
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,Q WKLV SDSHU VHYHQWHHQ GLIIHUHQW VROXWLRQV DUH SURSRVHG
7KH\DUHSUHVHQWHGLQILJXUHZKHUHHDFKFDVHVWXG\LVJLYHQD
QXPEHU 7KH VROXWLRQV  VKRZ D VLPSOLILHG JHRPHWULFDO
UHSUHVHQWDWLRQZLWKRXWVXSSRUWVDQGIL[DWLRQV7RXQLI\LWWKH
GHYLFH IRU DOO RI WKH SUHVHQWHG FDVHV LV D SRZHU HOHFWURQLFV
VZLWFK026)(7,*%7LQD72SDFNDJH
7KHKHDWVLQNJHRPHWULHVSURSRVHGIRUWKHVWXG\LQFOXGH
• &RQYHQWLRQDO KHDW VLQN  ZLWK LWV ILQV SODFHG LQ
SDUDOOHO WR WKH DLUIORZ FRQVLGHULQJ QDWXUDO
FRQYHFWLRQ 7KLV GHVLJQ KDV D PD[LPXP VXUIDFH
H[SRVHGWRWKHDLUIORZDQGVKRXOGVKRZWKHEHVWKHDW
GLVVLSDWLRQ SURSHUWLHV 7KH PRXQWLQJ VXUIDFH RI WKH
PRGHOHG KHDW VLQN LV PPZLGH PP KLJK DQG
PPWKLFN7KHKHDWVLQNKDVVL[HYHQO\SODFHG ILQV
HDFKPPZLGHPPKLJKDQGPPWKLFN 7KLV
VROXWLRQZLOOEHXVHGDVDUHIHUHQFH
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• $ FRQYHQWLRQDO KHDW VLQN  DQG  SODFHG VR WKH
DLUIORZ LV REVWUXFWHG DQG GRHV QRW SDVV HIILFLHQF\
WKURXJKWKHILQV
• +HDWVLQNVWR±ZKHUHWKHGHVLJQDQGSODFHPHQW
IURP  DQG  DUH XVHG EXW ZLWK DGGHG KROHV IRU
LPSURYHG DLUIORZ7KHVL]H RI WKHKROHV LVPPWKH
VL]H LV VHOHFWHG EDVHG RQ WKH GLVWDQFH EHWZHHQ WKH
ILQV'LIIHUHQWQXPEHURIKROHVDQGWKHLUDUUDQJHPHQW
LVPDGH
• $FRPSDFWKHDWVLQNZLWKQRILQV7KHVL]HRIWKH
PRXQWLQJ VXUIDFH LV  PP ZLGH PP KLJK DQG
PP WKLFN ± UHODWLYH YROXPH RI WKH KHDW VLQN LQ
FRPSDULVRQWRGHLJQVWRLVSUHVHUYHG
• $FRPSDFW KHDW VLQNZLWK DGGHGKROHV IRU LPSURYHG
DLUIORZ
• $ FRPSDFW KHDW VLQNZLWK DGGHG FKLPQH\ HIIHFW IRU
LPSURYHG QDWXUDO FRQYHFWLRQ  WR  7KUHH
GLIIHUHQW FKLPQH\ VL]HV DUH XVHG ± LQWHUQDO GLDPHWHU
PP WKLV VL]H LV VHOHFWHG VR WKH FKLPQH\ VL]H LV
FORVH WR WKDW RI WKH WUDQVLVWRU KHLJKW PP PP
DQGPP
• $FRPSDFW KHDW VLQNZLWK DGGHG FKLPQH\ HIIHFW DQG
KROHV IRU LPSURYHG QDWXUDO FRQYHFWLRQ  WR  
7KUHH GLIIHUHQW FKLPQH\ VL]HV DUH XVHG ± LQWHUQDO
GLDPHWHUPPKHLJKWPPPPDQGPP
)RU HDFK RI WKH VWXGLHG JHRPHWULHV D GHGLFDWHG )LQLWH
(OHPHQW 0RGHOLQJ )(0 EDVHG PRGHO ZDV GHYHORSHG )RU
HDFKPRGHODVHWRI WKUHH WUDQVLHQWDQDO\VLV IRU IORZDQGKHDW
WUDQVIHU ZHUH FRQGXFWHG 7KH VHWV LQFOXGH VWXGLHV IRU WKUHH
GLIIHUHQW DPRXQWV RI ORVVHV LQ WKH HOHFWURQLFV VZLWFK  :
:DQG:
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5HVXOWV IURP WKH VWXGLHV IRU WKH WHPSHUDWXUH RQ WKH
HYDOXDWHGGHYLFH026)(7RU ,*%7DUHSUHVHQWHGDWILJXUHV
   DQGZKHUH WKH H[DPLQHG VROXWLRQV DUH GLYLGHG
LQWR WZR JURXSV  &ODVVLFDO VROXWLRQV ZLWK PRGLILFDWLRQV
KROHVRQ WKHKHDW VLQN IRU LPSURYHGFRQYHFWLRQ± ILJXUH
DQG   6ROXWLRQV SURSRVHG E\ WKH DXWKRUV LQ RQH RI WKHLU
SUHYLRXV ZRUNV >@ ± ILJXUHV   DQG   ,Q ERWK ILJXUHV
SURSRVHG VROXWLRQV DUH FRPSDUHG WR D KHDW VLQN ZLWK LWV ILQV
SODFHGVR WKDWDQRSWLPDODLU IORZFDQEH DFKLHYHGGHVLJQ
ILJXUH)LJXUHVDQGUHSUHVHQWDVWXG\IRUDSRZHUVRXUFH
RI:DQGIRU:DQGIRU:
)LJ6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRUGHVLJQV  WKURXJK±
GHYLFHSRZHU:
)LJ6WXGLHGKHDWVLQNGHVLJQV
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)LJ  6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRU GHVLJQV  DQG 
WKURXJK±GHYLFHSRZHU:
)LJ 6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRUGHVLJQV WKURXJK ±
GHYLFHSRZHU:
)LJ  6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRU GHVLJQV  DQG 
WKURXJK±GHYLFHSRZHU:
)LJ6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRUGHVLJQV  WKURXJK±
GHYLFHSRZHU:
)LJ  6LPXODWLRQ UHVXOWV  WUDQVLVWRU WHPSHUDWXUHV IRU GHVLJQV  DQG 
WKURXJK±GHYLFHSRZHU:
)RUWKHVHWWRLWFDQEHVHHQWKDWPRGLI\LQJWKHKHDWVLQN
E\DGGLQJDGGLWLRQDOKROHV LPSURYHVKHDWGLVVLSDWLRQ GHVLJQV
 FRPSDUHG WR WKH VDPH KHDW VLQN DQG SODFHPHQW EXW
ZLWKRXWKROHVGHVLJQVDQGZKHUHKRZHYHUWKHGLVWDQFHRI
WKH KROHV WR WKH GHYLFH DQG WKHLU SODFHPHQW DIIHFW WKH UHVXOWV
DQGFDQHYHQZRUVHQKHDWGLVVLSDWLRQDQG
)RU WKH VHWWR LWFDQEHVHHQ WKDW DGGLQJDFKLPQH\
HIIHFW WR WKHKHDW VLQNVLJQLILFDQWO\ LPSURYHVKHDWGLVVLSDWLRQ
ZKHUHWKH UHVXOWIRU WKHFRPSDFWGHVLJQLQVRPHFDVHV 
DQGLVFRPSDUDEOHWRDRSWLPDOO\SODFHGKHDWVLQNZLWKILQV
 7KH SODFHPHQW RI KROHV IRU WKLV GHVLJQ KRZHYHU GR QRW
LPSURYHKHDWGLVVLSDWLRQ
%DVHGRQWKHUHVXOWVRIWKHVLPXODWLRQVGHVLJQVDQGDUH
VHOHFWHG IRU IXUWKHU VWXG\ )LJXUHV   DQG VKRZ D SODQDU
YHORFLW\ PDJQLWXGH DQG WHPSHUDWXUH RQ WKH KHDW VLQN WKH
REVHUYHGSODQHLVSODFHGRQWKHILQVIRUGHVLJQRQWKHKROHV
IRUGHVLJQODQGRQWKHFKLPQH\IRUGHVLJQ±VRXUFHSRZHU
LV : %\ FRPSDULQJ WR WKH UHIHUHQFH GHVLJQ  LW FDQ EH
VHHQWKDWIRUGHVLJQWKHLPSURYHGKHDWGLVVLSDWLRQLVGXHWR
WKHDLUSDVVLQJWKURXJKWKHKROHVDQGHIIHFWLYHO\LQFUHDVLQJWKH
GLVVLSDWLRQVXUIDFHIRUGHVLJQWKHLPSURYHGKHDWGLVVLSDWLRQ
LVGXHWRWKHLQFUHDVHGYHORFLW\PDJQLWXGH
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)LJ6LPXODWLRQUHVXOWV±GHVLJQVRXUFHSRZHU:
)LJ6LPXODWLRQUHVXOWV±GHVLJQVRXUFHSRZHU:
)LJ6LPXODWLRQUHVXOWV±GHVLJQVRXUFHSRZHU:
,9 (;3(5,0(17$/5(68/76
)RUWKHVHOHFWHGFDVHVDQGDVZHOODVIRUWKHUHIHUHQFH
GHVLJQ DQ H[SHULPHQWDO VHWXS ZDV GHYHORSHG 7HPSHUDWXUH
PHDVXUHG RQ WKH VXUIDFH RI WKH GHYLFHV ± WKURXJK ,5
WHPSHUDWXUH VHQVRUV ± LV VKRZQ RQ ILJXUH  $OWKRXJK
PHDVXUHG WHPSHUDWXUHV GLIIHU IURP WKH RQH REWDLQHG WKURXJK
VLPXODWLRQ GXH WR VLPSOLILFDWLRQV DQG LPSHUIHFWLRQV LQ WKH
PRGHO ERXQGDU\ FRQGLWLRQV UHODWLRQV EHWZHHQ WKH
WHPSHUDWXUHV LQ WKH GLIIHUHQW GHVLJQV UHPDLQV UHODWLYHO\ WKH
VDPH 7KLV SURYLGHV YHULILFDWLRQ IRU WKH TXDOLWLHV RI WKH WZR
GHVLJQV
)LJ([SHULPHQWDOUHVXOWVIRUGHVLJQVDQG
9 &21&/86,216
5HVXOWV LQ WKH SUHVHQWHG VWXG\ VKRZ WKDW E\ XWLOL]LQJ
YDULRXV VROXWLRQ WR LPSURYH WKH QDWXUDO FRQYHFWLRQ RI D KHDW
VLQNWHPSHUDWXUHVRQWKHGHYLFHVFDQEHORZHUHGWRWKHRQFHRI
DQRSWLPDOO\SODFHGKHDWVLQNEXWIRUWKHOHVVDPRXQWRIVSDFH
UHTXLUHG $ VLJQLILFDQW LPSURYHPHQW FDQ EH QRWHG ZKHQ
XWLOL]LQJDORFDOFKLPQH\HIIHFW±VROXWLRQVWRDQGZKHQ
DGGLQJKROHVWRWKHKHDWVLQNGHVLJQV
$&.12:/('*0(17
7KH SDSHU ZDV GHYHORSHG LQ WKH IUDPHV RI SURMHFW 13
6FLHQWLILF)XQGRI789DUQD³6\QWKHVLVPRGHOLQJDQG
DQDO\VLVRIQHZDQGLPSURYHGVROXWLRQIRUGHVLJQRIHOHFWURQLF
GHYLFHV
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